N-p-n InGaP/GaAs double heterojunction bipolar transistor has been successfully grown on a 200 mm Ge/Si wafer using metalorganic chemical vapor deposition with low defect density of 10 7 cm −2 . Non-gold metals of Ni/Ge/Al and Ti/Al are used to form the ohmic contact for small pieces device fabrication. Both direct-current (dc) and high-frequency characteristics of the device were measured. The device with emitter area of 6×8 µm 2 shows a dc gain of 55 at a collector current of I c = 4 mA, with high collector-emitter breakdown voltage of ∼17 V. The high-frequency response with cutoff frequency (f T ) of 23 GHz and maximum available frequency (f max ) of 10 GHz can be achieved. These results demonstrate that InGaP/GaAs double heterojunction bipolar transistor grown on low defect density Ge/Si wafer has the potential for realizing III-V CMOS integrated platform for high-frequency applications.
I. INTRODUCTION
Scaling of CMOS or integration with other Si-based devices to enhance the performance and to provide new functions or capabilities has become a challenging task. This is especially difficult for Si-based radio-frequency (RF), micro-and millimeter wave applications due to inherent material properties of silicon. Hence, there are cases where non-silicon devices provide better performance and are required in applications where requirements cannot be met with Si. Recently, Si-CMOS and III-V integration has been demonstrated successfully through our well-established wafer bonding and layer transfer technique [1] - [3] . These devices were demonstrated on a CMOS compatible 200mm Si substrate using metalorganic chemical vapor deposition (MOCVD) system which is more suitable for wafer scaling. In applications where transistors with high frequency and high breakdown voltage (>12V) are required, GaAs-based HBT will be a better choice as compared to InP-based HBT (as well as Si BJT and SiGe HBT) as shown in a comparison of linear handset power amplifiers of different bipolar transistor technologies [4] , [5] . Therefore, a high-performance GaAs-based HBT grown on large scale CMOS compatible substrate is required.
We have studied the material growth and dc performance of InGaP/GaAs single HBT (SHBT) on 200 mm Ge/Si substrate in the previous publications [6] . In this paper, we report a high-frequency characteristic of a GaAs-based double heterojunction bipolar transistor (DHBT) with composite collector grown by MOCVD on 200 mm Si substrate. We have implemented non-Au process, including non-Au material to form an ohmic contact with HBT as part of the effort to achieve CMOS friendly device fabrication process. 
II. MATERIAL GROWTH AND DEVICE FABRICATION
A (001)-oriented Si (diameter = 200mm, conductivity = p type, resistivity = 1-100 -cm, miscut=6 • towards (110) direction) was used as a substrate for the epitaxy growth of InGaP/GaAs HBT. The Si substrate has an 800nm Ge layer with threading dislocation density (TDD) of low 10 7 cm −2 . The details of the Ge on Si preparation can be found in our earlier publications [7] , [8] . Details of the HBT layer structures are shown in Table 1 . The wafer was then diced into 1 × 1 pieces for device fabrication. Device fabrication was done using standard photolithography technique. The emitter and base mesas were formed by H 3 PO 4 -based and HCl-based wet etching process. The collector mesa (or device isolation) was formed by BCl 3 /Cl 2 -based dry etching process. Figure 1 shows the cross-sectional view of a fabricated device. Ti/Al and Ni/Ge/Al were deposited as p-type and n-type contacts, respectively. Finally, a Ti/Al co-planar metal probe pad was formed for direct-current (dc) and high-frequency measurement. 
III. EXPERIMENTAL RESULTS AND DISCUSSION

A. DC CHARACTERISTICS
A common emitter current-voltage (I c -V ce ) and Gummel plot of a 6×8 µm 2 emitter finger InGaP/GaAs DHBT is shown in Figure 2 . The device has a common emitter gain of 55 at a collector current of I c = 4 mA. The collector and base current ideality factors are n c = 1.02 and n b = 1.44, respectively, with base sheet resistance (R s,base ) of 430 /2. The collector-emitter, collector-base, and emitter-base breakdown voltages are 16.95V, 18.7V and 9.3V, respectively, which is much higher compared with InGaP/GaAs SHBT on the same substrate. More detailed dc studies of the InGaP/GaAs SHBTs, such as the parameters affect the dc performance and performance variations across the 200 mm wafers can be found in previous publications [9] . 
B. RF CHARACTERISTICS: CUTOFF FREQUENCY, MAXIMUM AVAILABLE FREQUENCY AND ELECTRON SATURATION VELOCITY
High-frequency S-parameters of the HBT device were measured from 1 to 40 GHz using an Agilent PNA N5244A Network Analyzer. High-frequency IV measurements were carried out with V ce and I c varied from 1.5 V to 5.0 V and from 0.2 mA to 2.2 mA, respectively. Co-planar probe pads without HBT device was also measured for de-embedding in order to extract the intrinsic S-parameter of the HBT device. The cutoff frequency (f T ) and maximum available frequency (f max ) were estimated from −20dB/decade extrapolations of the frequency dependence of short-circuit current gain (|h 21 | 2 ) and MAG after de-embedding. Figure 3 shows the frequency dependence of current gain (|h 21 |), unilateral gain (GU) and maximum available gain (MAG) of a HBT device with emitter area of 48 µm 2 (6×8 µm 2 ) measured at V ce = 5.0V and I c = 2.2mA. The estimated f T and f max of this device were 23 GHz and 10 GHz, respectively. 
The value can be determined at the intercept of y-axis. Figure 4(b) shows τ ec as a function of V c . As V c was increased, τ ec was reduced and saturated at about 6.03 ps at approximately V c = 3.5V. The saturation velocity at the GaAs collector layer is transit time and device geometry dependent, and can be estimated by using the following equations:
where t C is the collector layer thickness (520 nm),
where t b is the base layer thickness, R E is the emitter resistance, R C is the collector resistance, C jc is the base-collector capacitance, and μ n,b is the minority electron mobility in the base, which depends on the base doping as:
R E and R C can be obtained from TLM measurement and they are estimated to be 1.67 and 6.72 . The base-collector C jc is estimated to be 0.039 pF. The transit time of τ b , τ c and τ sc calculated from equation (1), (3) , and (4) is 0.598 ps, 0.329 ps, and 5.13 ps, respectively. Therefore, the saturation velocity υ sat of the GaAs collector layer is estimated to be 5.1×10 6 cm/s from equation (2). This value is lower than the saturation velocity in GaAs material which is typically around 8×10 6 cm/s. This could be due to the presence of thin InGaP layer which is part of the HBT collector layer. 
C. SUBSTRATE EFFECT ON SUB-COLLECTOR LEAKAGE
Substrate electrical resistivity has a significant impact on the HBT high-frequency performance. The high resistivity (>10 7 -cm) in the commercially available semi-insulating GaAs (SI-GaAs) substrate has been one of the significant advantages in fabricating high-frequency GaAs devices on native SI-GaAs. To assess the leakage current of our device fabricated on Ge/Si substrate at the high-frequency range, the measured and simulated S-parameters of the co-planar probe pads were analyzed, as shown in Figure 5 (a)-(b). Due to the relatively low resistivity of the Ge layer and the Si substrate, we observed leakage current at high-frequency range of in the S 11 and S 22 of the co-planar probe pads (without active transistor device). The S 11 and S 22 are not the same due to the asymmetrical co-planar probe pads for input (B-E) and output (C-E) pads. Figure 5(c) shows the equivalent circuit of the co-planar probe pads used in simulating the S-parameter. Such leakage can be improved by increasing the oxide layer thickness (to reduce C o ) or by increasing substrate resistivity (to reduce R p ). A higher f T and f max are expected by replacing the leaky Ge/Si substrate with germanium on insulator (GOI) substrate which can be made through epitaxy, layer transfer and wafer bonding techniques [10] .
IV. CONCLUSION
We have demonstrated an InGaP/GaAs DHBT with f T of 23 GHz and f max of 10 GHz, for a device with emitter area of 48 µm 2 on Ge/Si substrate. This device has a dc gain (β) of 55, collector and base ideality factors (n c and n b ) of 1.02 and 1.44, respectively. To the best of our knowledge, this is the first report on high-frequency result of InGaP/GaAs DHBT grown and fabricated on GeSi substrate. A saturation velocity of 5.1×10 6 cm/s in the collector region is estimated. The combination of low resistivity in the Si substrate and large metal pad area, parasitic effect on the HBT is significant on RF performance. The parasitic effect can be reduced by employing high resistive substrate, such as GOI. This result will be useful for future optimization of HBT design for high-frequency applications.
